CCR5-using (R5) human immunodeficiency virus type 1 (HIV-1) is a major viral population that is transmitted by sexual intercourse and that replicates in infected individuals during the asymptomatic stage of HIV-1 infection, suggesting that agents effective against R5 HIV-1 can be expected to prevent viral transmission and delay disease progression. However, R5 HIV-1 is unable to replicate in human T-cell lines, which is an apparent obstacle to efficient and reliable susceptibility tests of compounds for their activities against R5 HIV-1. To establish a simple and rapid assay system for the monitoring of R5 HIV-1 replication and drug susceptibility, we have established a novel reporter T-cell line, MOCHA (which represents MOLT-4 cells stably expressing CCR5 and carrying the HIV-1 long terminal repeat-driven secretory alkaline phosphatase). Cells of this cell line express CD4, CXCR4, and CCR5 on their surfaces and secrete human placental alkaline phosphatase into the culture supernatants during HIV-1 infection. MOCHA cells proved to be highly permissive for the replication of R5 HIV-1 as well as CXCR4-using (X4) HIV-1, and the alkaline phosphatase activity increased in parallel with increasing HIV-1 p24 antigen levels in the culture supernatants. When HIV-1 reverse transcriptase inhibitors, protease inhibitors, and entry inhibitors, including the CCR5 antagonist TAK-779 and the CXCR4 antagonist AMD3100, were examined for their inhibitory effects on R5 and X4 HIV-1 replication in MOCHA cells, the antiviral activities of these compounds were found to be almost identical to those previously reported in peripheral blood mononuclear cells. Thus, MOCHA cells are an extremely useful tool for detection of R5 and X4 HIV-1 replication and drug susceptibility tests.
Highly active antiretroviral therapy has achieved high-level suppression of human immunodeficiency virus type 1 (HIV-1) replication in infected individuals. However, a recent study on viral dynamics suggests that eradication of HIV-1 from the body may not be feasible (11) . Therefore, it still seems mandatory that effective anti-HIV-1 agents with novel mechanisms of action be found and developed. The viral entry process is one of the more promising targets for inhibition of HIV-1, because the efficacy of the fusion inhibitor T-20 has been proven in clinical trials (14, 26) . In addition to T-20, other fusion inhibitors, such as chemokine receptor antagonists, also selectively inhibit HIV-1 replication in vitro (10, 16) . HIV-1 that uses CCR5 as a coreceptor (CCR5-using [R5] HIV-1) is a major population that is transmitted by sexual intercourse and that replicates in infected individuals during the asymptomatic stage of HIV-1 infection (5, 37) . In fact, the natural ligands for CCR5 cells (proteins that are regulated on activation with normal T-cell expression and secretion [RANTES] and macrophage inflammatory proteins 1␣ and 1␤ [MIP-1␣ and MIP-1␤]) and their modifications are known to block R5 HIV-1 infection in vitro (1, 8, 23, 30) . Furthermore, individuals with a homozygous deletion of the CCR5 gene (CCR5⌬32) are apparently normal and healthy (9, 17, 27) , suggesting that CCR5 antagonists inhibitory to R5 HIV-1 replication are expected to delay disease progression without serious side effects. Indeed, some small-molecule CCR5 antagonists have recently been reported (3, 18, 32) . However, there is an obstacle to the search for and development of novel CCR5 antagonists as anti-HIV-1 agents, since human cell lines in general do not support R5 HIV-1 replication due to the lack of CCR5 expression on their surfaces (36) .
Some groups, including ours, have reported on CCR5-expressing T-cell lines that support R5 HIV-1 infection and replication (2, 19, 34) . However, even such cell lines do not completely die after viral infection because of the weak cytopathogenicity of R5 HIV-1, indicating that complicated and laborious methods are required for quantitative detection of R5 HIV-1 replication. Although the HIV-1 p24 antigen enzyme-linked immunosorbent assay (ELISA) is widely used for quantitative detection of HIV-1 replication, this assay is relatively expensive and time-consuming and therefore is not suitable for high-throughput screening of compounds. Cell lines carrying an HIV-1 long terminal repeat (LTR)-driven reporter gene, such as chloramphenicol acetyltransferase, green fluorescent protein, and secretory alkaline phosphatase (SEAP), have been used for measurement of CXCR4-using (X4) HIV-1 replication (12, 21, 22) . Among the reporter gene products, SEAP is a common reporter used for systematic analysis of several promoter and enhancer activities (4) . This enzyme is released into culture supernatants; and its activity can be de-termined by a colorimetric, chemiluminescent, or fluorescent assay without cell fixation or lysate preparation.
In this study, we have established a novel line of T cells that stably express CCR5 on their surfaces and that carry the HIV-1 LTR-driven SEAP reporter gene. Cells of the cell line MO-CHA (which represents MOLT-4 cells stably expressing CCR5 [MOLT-4/CCR5 cells] and HIV-1 LTR-driven SEAP) are highly permissive for the replication of both R5 and X4 HIV-1 strains and secrete increased levels of alkaline phosphatase into the culture supernatants. Furthermore, the activities of various anti-HIV-1 agents in MOCHA cells were found to be almost identical to those previously reported in peripheral blood mononuclear cells (PBMCs).
MATERIALS AND METHODS

Cells and viruses.
MOLT-4 cells (clone 8) were propagated and maintained in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U of penicillin G per ml, and 100 g of streptomycin per ml (culture medium). MOLT-4/CCR5 cells (19) were cultured in the presence of G418 (1 mg/ml). HIV-1 Ba-L (R5 type) and HIV-1 IIIB (X4 type) were used in this study. HIV-1 Ba-L and HIV-1 IIIB were propagated in MOLT-4/CCR5 and MT-4 cells, respectively. The virus stocks were assessed for their p24 antigen levels and infectious titers in MOLT-4/CCR5 cells and were stored at Ϫ80°C until use.
Compounds. The CCR5 antagonist TAK-779 (3) and the CXCR4 antagonist AMD3100 (29) were synthesized by Takeda Chemical Industries (Osaka, Japan). T-20 (35) was purchased from the Peptide Research Institute (Osaka, Japan). Stavudine (d4T), lamivudine (3TC), nevirapine (NVP), indinavir (IDV), and nelfinavir (NFV) were also prepared by Takeda Chemical Industries. Except for AMD3100 and T-20, all compounds were dissolved in dimethyl sulfoxide at a concentration of 20 mM to exclude the antiviral and cytotoxic effects of the dimethyl sulfoxide in the culture medium. AMD3100 and T-20 were dissolved at concentrations of 20 mM and 2 mg/ml in water and RPMI 1640, respectively.
Construction of reporter gene. HIV-1 proviral DNA was extracted from HIV-1 IIIB -infected cells with a DNA extraction kit (Wako, Osaka, Japan), and a part of the HIV-1 LTR (from positions Ϫ138 to ϩ82) was amplified by PCR with Ex-Taq (Takara, Tokyo, Japan). The amplified product was inserted into the BglII-HindIII cloning site of pSEAP2 Basic (CLONTECH, Palo Alto, Calif.), which encodes a human placental SEAP gene. This plasmid (LTR-SEAP) was used for establishment of MOCHA cells. The HIV-1 LTR sequence was confirmed by use of the ABI PRISM 310 sequencer (Applied Biosystems, Foster City, Calif.).
Establishment of MOCHA cells. The procedures used for plasmid transfection and the selection of stable transfectants have been described previously (2) . Briefly, LTR-SEAP and pPURO (CLONTECH), which encodes puromycin resistance, were mixed at a ratio of 10:1 and transfected into MOLT-4/CCR5 cells with Lipofectamine2000 (Life Technologies, Gaithersburg, Md.). Stably transfected cells were selected in culture medium containing 500 g of G418 per ml and 0.1 g of puromycin per ml. The cells were cultured together with mitomycin C-treated MOLT-4 cells (feeder cells) and were cloned by limiting dilution. The SEAP activities of the culture supernatants of the selected clones were determined. To confirm the Tat culture plate. On day 4 after virus infection, the cells were subcultured at a ratio of 1:5 and incubated for an additional 4 days. At the end of the incubation period, the culture supernatants were collected and examined for their p24 levels.
Reporter activity assay. MOCHA cells (2 ϫ 10 4 ) were infected with various amounts (3.2 to 50,000 50% cell culture infective doses [CCID 50 s]) of HIV-1 Ba-L or HIV-1 IIIB per well. On day 5 after virus infection, the cells were subcultured at a ratio of 1:5 and further incubated. On day 10, the SEAP activities and the p24 antigen levels in the culture supernatants were determined by chemiluminescence assay and ELISA, respectively. The SEAP activities were measured with the GreatEscape SEAP detection kit (CLONTECH), according to the instructions of the manufacturer. The chemiluminescence intensity was measured with an LB96P luminometer (Berthold, Wildbad, Germany) and expressed as relative light units (RLUs).
Assays of anti-HIV-1 activities. MOCHA cells (2 ϫ 10 4 ) were infected with 1,000 CCID 50 s of HIV-1 Ba-L or HIV-1 IIIB in the presence of various concentrations of test compounds and incubated in a microtiter plate. On day 5 after virus infection, the cells were subcultured at a ratio of 1:5 and further incubated. On day 10, the culture supernatants were collected and examined for their SEAP activities. The 50% effective concentration (EC 50 ) of each compound was calculated by least-squares linear regression analysis over the ascending linear portion of the dose-response curve. The cytotoxicities of the test compounds were also evaluated in parallel with their anti-HIV-1 activities on day 10. Cytotoxicity was based on the proliferation and viability of mock-infected MOCHA cells, as determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method (25) .
RESULTS
Establishment of MOCHA cells. To establish an R5 HIV-1-permissive T-cell line carrying an HIV-1 LTR-driven reporter gene, MOLT-4/CCR5 cells were used as the starting material. MOLT-4/CCR5 cells were previously established for the evaluation of CCR5 antagonists of R5 HIV-1 replication (2). Furthermore, SEAP was chosen as a reporter. The region of the HIV-1 LTR from positions Ϫ138 to ϩ82 was amplified and inserted into the upstream region of the reporter gene (LTR-SEAP). Such truncation of the HIV-1 LTR decreased the basal level of expression of the reporter gene in the absence of Tat (15) . To obtain clones stably carrying LTR-SEAP, cells were selected in the presence of puromycin after cotransfection of LTR-SEAP and pPURO (Fig. 1) .
Since significant down-regulation of CD4 expression on the surfaces of the puromycin-resistant clones was observed, additional cloning of single cells was performed twice to obtain a clone with a sufficient level of CD4 expression. (Fig. 2 ), yet the level appeared to be sufficient for HIV-1 infection. The expression of these molecules was stable during at least 3 months of culture. HIV-1 replication in MOCHA cells. To examine whether MOCHA cells supported HIV-1 replication, MOCHA and MOLT-4/CCR5 cells were infected with HIV-1 IIIB and HIV-1 Ba-L . As shown in Fig. 3 , both MOCHA and MOLT-4/CCR5 cells were found to be permissive for the replication of HIV-1 IIIB and HIV-1 Ba-L . The levels of p24 antigen were 2.1 Ϯ 1.8 and 3.2 Ϯ 2.3 ng/ml for MOLT-4/CCR5 and MOCHA cells, respectively, on day 5 after infection with HIV-1 IIIB (Fig. 3A) . Increased p24 antigen levels were observed on day 8 (705 Ϯ 61 and 617 Ϯ 22 ng/ml for MOLT-4/CCR5 and MOCHA cells, respectively). These results indicate that MOCHA and MOLT-4/CCR5 cells are equally permissive for the replication of HIV-1 IIIB , a representative strain of X4 HIV-1. In the case of HIV-1 Ba-L infection, p24 antigen levels were 4.0 Ϯ 2.5 and 0.84 Ϯ 2.5 ng/ml for MOLT-4/CCR5 and MOCHA cells, respectively, on day 5 (Fig. 3B) . Similar to HIV-1 IIIB infection, increased p24 antigen levels were identified on day 8. The antigen levels were 1,206 Ϯ 243 ng/ml for MOLT-4/CCR5 cells and 74.5 Ϯ 10.4 ng/ml for MOCHA cells, suggesting that MOCHA cells are slightly less permissive than MOLT-4/CCR5 cells for the replication of HIV-1 Ba-L , a representative strain of R5 HIV-1.
Comparison between reporter activity and p24 antigen production. To determine whether the reporter activity is correlated with HIV-1 replication in MOCHA cells, the cells were infected with various amounts of HIV-1 IIIB or HIV-1 Ba-L , and the culture supernatants were examined for SEAP activities and p24 antigen levels. As shown in Fig. 4 , both SEAP activities and p24 antigen levels increased on day 10 after infection when a higher infectious dose was used. More than 80 CCID 50 s of HIV-1 IIIB was required for detection of SEAP activity and p24 antigen in the culture supernatants. The values for both of the parameters reached a plateau when the cells were infected with more than 10,000 CCID 50 s (Fig. 4A) . Sixteen CCID 50 s of HIV-1 Ba-L was required for detection of p24 antigen, whereas only 3.2 CCID 50 s was sufficient for detection of SEAP activity ( Fig. 4B) . These results clearly demonstrate a close correlation between reporter activity and p24 antigen production in HIV-1-infected MOCHA cells, irrespective of the coreceptor usage of HIV-1 (X4 or R5).
Activities of compounds against HIV-1 in MOCHA cells. It would be of particular interest to know whether MOCHA cells could be applied to the evaluation of HIV-1 entry inhibitors. The cells were infected with 1,000 CCID 50 s of either HIV-1 IIIB or HIV-1 Ba-L in the presence or absence of TAK-779 or AMD3100 and cultured for 10 days. In the absence of compounds, the levels of SEAP activity in the culture supernatants of the infected and mock-infected cells were approximately 70,000 and 7,000 light units, respectively. Furthermore, the SEAP activity in the culture medium without MOCHA cells was 2,000 light units, indicating some basal HIV-1 LTR activity in the cells. AMD3100 clearly inhibited the SEAP activity induced by HIV-1 IIIB replication in MOCHA cells (Fig. 5A) , and its EC 50 was 39 Ϯ 16 nM (Table 1) . In contrast, TAK-779 did not show any inhibition of HIV-1 IIIB replication, as reported previously (3) . On the other hand, TAK-779 strongly inhibited the replication of HIV-1 Ba-L (Fig. 5B) , with an EC 50 of 26 Ϯ 4 nM (Table 1) , while AMD3100 was not active against HIV-1 Ba-L even at a concentration of 10 M (Fig. 5B ). AMD3100 and TAK-779 at concentrations up to 5 M did not cause any cytotoxic effects on mock-infected MOCHA cells. Furthermore, these compounds did not affect the basal HIV-1 LTR activity (data not shown). T-20 was found to be equally inhibitory to R5 and X4 HIV-1 (EC 50 s, 170 Ϯ 62 ng/ml for HIV-1 Ba-L and 210 Ϯ 44 ng/ml for HIV-1 IIIB ) ( Table 1) .
In addition to the entry inhibitors, the activities of several compounds approved for clinical use were evaluated against HIV-1 in MOCHA cells. As shown in Table 1 , all of the compounds, such as d4T, 3TC, NVP, IDV, and NFV, proved to be equally inhibitory to the replication of HIV-1 Ba-L and HIV-1 IIIB in MOCHA cells. For instance, the EC 50 s of the nonnucleoside reverse transcriptase inhibitor NVP were 25 Ϯ 6 nM for HIV-1 Ba-L and 33 Ϯ 15 nM for HIV-1 IIIB . Furthermore, the EC 50 s in Table 1 are almost identical to those previously reported for HIV-1 in PBMCs (3, 7, 24, 28, 29, 35) . These results suggest that the anti-HIV-1 activities of a wide variety of compounds with different mechanisms of action can be evaluated in the system with MOCHA cells described here.
DISCUSSION
There are certain advantages of cell lines over PBMCs for use in the screening of anti-HIV-1 compounds. The results obtained by assays with PBMCs are often dependent on the level of CCR5 expression of the donor cells and even on the state of activation of the PBMCs from the same donor. In particular, compounds targeting CCR5 are difficult to evaluate in PBMCs, because only a small population of the cells express CCR5 on the cell surface. Furthermore, the level of CCR5 expression differs from one donor to another (36) . We have previously reported on the CCR5 expression of the T-cell line MOLT-4/CCR5, which is capable of detecting the anti-HIV-1 activity of the small-molecule CCR5 antagonist TAK-779 (2). This cell line is highly permissive for both laboratory-adapted and primarily isolated R5 HIV-1.
Starting with MOLT-4/CCR5 cells as the parental cell line, Fig. 3 and 4) . The use of SEAP activity as the end point is superior to that of p24 antigen levels for the following reasons. First, the detection of SEAP activity by chemiluminescence is easier and less time-consuming than p24 antigen detection by ELISA. There is no need to prepare cell lysates for measurement of enzyme activities, since SEAP is released into the culture supernatants. These properties are favorable for the screening of large numbers of compounds from chemical libraries. Second, the procedure used to measure SEAP activity includes heat inactivation (65°C for 30 min) of the alkaline phosphatase derived from fetal bovine serum in the culture supernatants. This treatment effectively abrogates viral infectivity, thereby greatly diminishing the biohazards associated with assays based on HIV-1 replication (13, 20) . Third, after virus infection the cells do not need to be washed for determination of SEAP activity. Test compounds can exist together with the cells before and during virus infection, which is of particular importance for entry inhibitors to exert their maximum anti-HIV-1 activities.
It is clear that several steps in the HIV-1 replication cycle are involved in the activation of the reporter gene in MOCHA cells. Viral entry into the host cells, reverse transcription of viral RNA, integration of proviral DNA into the host cell genome, and expression of the Tat protein through transcription and translation are at least required for the production of SEAP. Therefore, inhibitors that interfere with one of these steps could decrease the level of SEAP activity. Furthermore, the anti-HIV-1 activities of protease inhibitors are also detectable in MOCHA cells (Table 1) , because multiround replication of HIV-1 occurs during the incubation period under assay conditions with a low multiplicity of infection. Thus, the present assay system should be able to detect compounds with any mechanisms of action against HIV-1. In addition, MOCHA cells can also be used in the cell-to-cell membrane fusion assay recently established with the HeLa cell-based reporter cell line MAGI-CCR5 (6, 33) . It was confirmed that MOCHA cells could be used as substitutes for MAGI-CCR5 cells in the membrane fusion assay. Furthermore, MOCHA cells may have great potential for use in the determination of drug resistance in phenotypic assays. Although genotypic methods are widely used and rely on a well-documented repertory of known resistance mutations, phenotypic methods that use MOCHA cells may be able to identify mutations unknown at present, in particular, those related to resistance to CCR5 antagonists.
Finally, another CCR5-expressing reporter T-cell line, CEM.NKR-CCR5-Luc, has recently been reported (31) . Like MOCHA cells, CEM.NKR-CCR5-Luc cells also seem to be useful for high-throughput screening of anti-HIV-1 compounds. However, the cells require polybrene for efficient HIV-1 infection. Polybrene may affect the interaction between HIV-1 and the host cell membrane, which should be avoided in the evaluation of entry inhibitors. In conclusion, MOCHA cells are an extremely useful tool for the rapid detection of R5 and X4 HIV-1 replication and drug susceptibilities.
